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In this Perspective, we evaluate these trends, and propose measures to avert the crisis that is looming in the sphere of geological mineral exploration, recycling and the governance of supply chains.
Recent evaluations of shorter-term supply risk and criticality [10] [11] [12] [13] suggest that, over the next 2-3 decades (when the availability of metals for recycling is expected to remain low 14 ) an unprepared minerals industry will struggle to meet demand for several metals (for example, copper 15 ) for which substitutes are not readily available. In addition, speciality metals such as germanium are by-products of mining other minerals, in this case zinc sulfide, which contains trace amounts of germanium, and are thus dependent on the mining of their host mineral. Given the rapid pace of technological and demographic change, broader discussion of current and future mineral supply is needed to avoid disruptive volatility in prices and supply. To stimulate the discussion, we initially evaluate various approaches to charting supply problems. The modelling in Fig. 1 shows that a peak in production of primary and recycled copper will not be reached before the middle of this century. However, in the coming decades, supply will be tight because accelerating demand will not be met by increasing recycling or substitution, and because decreasing use of fossil fuels to mitigate the effect of climate change will require increasing consumption of metals.
We develop a hybrid approach supported by various research programmes on resource scarcity and climate policy, using copper as an example. Copper is widely used throughout the economy in conventional and renewable electricity generation and in electric vehicles and buildings. It has major recycling potential but its end-of-life recycling rate is about 60%, and because of delays between manufacturing and scrapping, the recycling input rate (a measure of the share of secondary sources in raw material supply) 16 is only about 33%. The future availability of metals and other mineral products will depend both on economic and market factors (metal prices, anticipated supply and demand) and on social and environmental pressures 17 . We anticipate a need for greater environmental diplomacy to assure access to mineral deposits which are irregularly distributed and often occur in areas of conflict 18 .
Challenges facing future mineral supply
Future supply challenges for copper are illustrated in Figs 1 and 2. When considering future supply, geologists estimate the total potential amount of copper available for mining. This amount comprises reserves, the term applied to deposits that are economic to mine at the present time, and Successful delivery of the United Nations sustainable development goals and implementation of the Paris Agreement requires technologies that utilize a wide range of minerals in vast quantities. Metal recycling and technological change will contribute to sustaining supply, but mining must continue and grow for the foreseeable future to ensure that such minerals remain available to industry. New links are needed between existing institutional frameworks to oversee responsible sourcing of minerals, trajectories for mineral exploration, environmental practices, and consumer awareness of the effects of consumption. Here we present, through analysis of a comprehensive set of data and demand forecasts, an interdisciplinary perspective on how best to ensure ecologically viable continuity of global mineral supply over the coming decades.
resources, which include already identified and undiscovered deposits that are not economic to mine at present but have reasonable prospects for eventual economic extraction. In the case of copper, estimates of resources in 2008 projected 5,500 years of extraction potential up to 3 km subsurface depth 19 . Higher selling prices and improved extraction techniques can make marginal deposits economically viable, but social conflict and environmental constraints on production can limit or deny access to resources yet to be developed. While the former factors have long been taken into account when identifying accessible and economic ore deposits, consideration of the latter has been patchy. According to some surveys, the rate of discovery has slowed in the past decade as many easily accessible deposits are exhausted. The current dearth of exploration activity exacerbates the problem 20 . The obligation to mine in an environmentally acceptable manner has added a vast array of regulations that has greatly increased the cost of mineral exploration and mining. In addition, the need to obtain the community's social licence to operate, and a scarcity of legislative, economic and governance stability in the host country, will place further constraints on mineral supply 21 . Figure 1 compares the results of modelling current and future production of copper from two sources, primary (mined) production and recycling, while assuming population stabilization projections (see Supplementary Information section SI-1 for details). If population does not stabilize after 2050 and continues to grow, the demand scenario could be even higher, leading to further supply concerns. Nevertheless, the supply of metals available for recycling, combined with encouragement from governments to move towards a circular economy (one predicated on reuse and recycling of resources), is slowly decreasing the relative contribution from primary production 22 . Secondary sources will eventually displace primary production ( Fig. 1) , but this will not occur until the middle of the century because most of the supply of recyclable material is locked up in long-life assets.
At least one-quarter of known copper resources are in countries with less than satisfactory governance, as assessed using the Natural Resource Governance Index of 2014 (see ref. 23 for the methodology by which this is calculated, and see details in Supplementary Information section SI-2), which quantifies the quality of "institutional and legal setting, reporting practices, safeguards and quality controls, and enabling environment". Although the quality of governance will no doubt vary in the future as governments are replaced, the global trend provides little evidence that the problem will disappear in the near future. Production from countries with poor governance will certainly be needed to meet global demand and this issue will need to be taken into account.
An analysis of major copper mines worldwide ( Fig. 2) shows long delays in project approvals in many of the locations where copper will be sourced in the future. Figure 2 shows that, depending on the location, the average lead-time between discovery and development is 13 to 23 years and the rate of conversion seems to be slowing. When combined with the need to satisfy regulations that assure that mineral exploration and mining is done in an environmentally and socially acceptable manner, Fig. 2 demonstrates that the mining industry is not in a strong position to quickly find and bring on stream new capacity to meet a shortfall in production.
Fostering further exploration and recycling
Our analysis also reveals that the incentives for investment in exploration are not always aligned with societal needs and constraints. The market determines investment based on short-term returns rather than long-term scarcity planning. Figure 3 shows the historical investment in exploration over time, as well as a wide variation in the preferred commodity. The high investment in uranium during the Cold War was due to government subsidies, while the recent emphasis on gold is due to high return on investment. In both cases, exploration was stimulated by high commodity prices. Figure 3b shows how the spurt of investment in exploration during the recent resource boom was followed by a steep decline after 2012 due to a fall in metal prices triggered by a weakening of demand. Metal prices remain low and exploration investment in such a climate is unattractive. 23, 24 copper production, and thick solid grey line, historical data of recycled copper production; data show values for 1966-2010. Fine solid black line, sum of the modelled primary and secondary production. Fine black dashed line, modelled primary production of the Northey et al. 24 projection of primary production (comparison used with permission from Northey et al.). Further information on modelling methods is in Supplementary Information section SI-1, together with graphs of the evolution of copper reserves through time ( Supplementary Fig. 1 ), annual end-of-life copper generated ( Supplementary Fig. 2 ) and stocks in use ( Supplementary Fig. 3 ). Mt, megatonnes. The supply of some metals from recycled sources has the potential to increase, due in part to government incentives to move towards a circular economy that minimizes material usage and maximizes the use of recycled materials 22, 24 . However, the supply of recycled material is limited by the time the metals are tied up in industrial infrastructure and consumer products. The more durable the infrastructure, the less available the metal supply for recycling for other uses. Residence times of metals in infrastructure are highly variable, and depend on design practices and goals 25 . Durability has its own environmental benefits in terms of material and energy conservation, but high durability counters the recycling imperative to meet metal demand. End-of-life recycling rates vary from about 1% for potentially critical metals like the rare earth elements to 55% or so for aluminium 26 and 70% or more for iron 27 . To meet growing demand once the global economy improves, mining will need to continue to the foreseeable future.
Global resource governance needed
The development of renewable energy sources and other hightechnology applications will require new infrastructure that will consume a different mix of minerals from current applications, including not only 'critical' 28 metals such as the rare earths, but also vast amounts of common commodities such as copper, steel and cement [2] [3] [4] . Of major concern is a potential period when primary metal production may peak and start to decline before the social and capital infrastructure for secondary metal production will allow recycling to contribute substantially to supply (Fig. 1) .
Three policy paths have been explored to understand and assure an adequate supply of metals and other mineral products. First, certain countries have focused on boosting supply through a national security agenda from sources that are politically more feasible to access 29, 30 . Third, whereas industry organizations such as the International Council on Metals and Mining (ICMM) have worked on environmental and social aspects of present and future mineral supply (see the ICMM web site for details on their publications; http://www.icmm.com), projections of future mineral resources have been the purview of exploration divisions of companies and national geological surveys. Although there may be common metallurgical processes between them, mining and recycling operations remain largely separate in their corporate managementthe former are carried out mainly by private mining companies, and the latter by a different group of companies or by government agencies. Given the common trading markets for metals, whether from mined or recycled sources, there are further opportunities for harnessing ecologically efficient sourcing pathways for metal users. Only after collection is there convergence, when refineries controlled by mining companies treat both primary and recycled materials. Without better anticipation of the future aspirations of society, and a better knowledge of the ability of our planet to supply the needed raw materials, we remain at the mercy of short-term decision-making. Much of the debate about long-term criticality remains in the research/policy space and is not reflected in the markets. The issue has not yet been taken up effectively by governments and industry at the global scale.
Actions for sustainable mineral sourcing
The international community must actively plan for the next few decades when mineral supply threatens to be inadequate. This planning needs to consider the vulnerable but flexible nature of mineral resources and the global dependence on critical minerals. An international process is needed to mitigate the shocks of future supply crises, which could be undertaken through a covenant 35 or even a treaty 36 . The G7 (an alliance of seven major industrialized democracies) has tentatively recognized the governance vacuum on raw materials through establishing an "alliance on resource efficiency" in 2015. However, none of the current international agencies has a mandate to plan, oversee or realize efficient and effective exploitation of mineral resources. Even though there is considerable fatigue with too many international treaties, as noted by major resource powers such as China 37 , we propose that a linkage between the International Resource Panel (Box 1) and the Intergovernmental Forum on Mining, Minerals, Metals and Sustainable Development could use existing treaty mechanisms for more effective resource planning. The recently established United Nations Environment Assembly 38 could play a convening role to help ensure that ecological constraints are duly incorporated into effective planning. Six specific measures should be considered:
1. Reach consensus on international targets for global mineral production. As with the targets for emissions reductions in COP21, standards should be set to ensure that mining is conducted with maximum efficiency and minimal negative impact on the environment and society. Design specifications for the modularity of products that can assist in reaching targets for recycling, product design and modularity, waste harvesting and stockpiling should be established at the global rather than national level, the latter being more focused on internal security. These targets should be dynamic and flexible; they should change in response to technological developments, but must remain part of an integrated planning process.
2. Monitor impacts of mineral production and consumption. There is an urgent need to establish a system for tracking mineral use along the entire value chain, from source to end of life, perhaps based on the 'fingerprinting' developed by the German Geological Survey for tantalum 39, 40 . Such a system could also incorporate a global chain-of-custody programme, similar to that of the food industry. Furthermore, there is a need to promote domestic production and consumer cognizance of mineral use, incorporating a notion of 'metal miles'; that is, reduction of the environmental cost of transport through increased consumption of local products.
3. Improve coordination of mineral exploration. Private-public cooperation is needed to develop new techniques for mineral exploration in new locations, from deep in the crust to the bottom of the ocean, drawing on lessons from programs such as Australia's 'UNCOVER: Searching the Deep Earth' or the European Union's Blue Mining initiative for deep oceanic mineral deposits. Data sharing between industry and geological surveys is also essential. Geophysical and geochemical data both need to be shared in greater detail through dynamic databases (see Supplementary Information section SI-5 for an example of European geochemical database efforts).
Support investment and research into new mineral extraction technologies.
Technology to maximize efficiency, minimize waste and reduce the consumption of water should be shared more effectively through intellectual property arrangements like the reforms proposed in pharmaceutical patent sharing for development outcomes 41 . Extraction processes should be improved. Typical copper grades are less than 1% of the total mass and the recovery rate of this small amount should be optimized. In addition, all valuable metals contained in the ore should be recovered rather than ending up in the tailings dam (for example, indium or germanium in zinc ores, or gallium in bauxite). Lunar 42 and asteroid mining, while plausible for long-term planning, as exemplified by the recent unmanned Chinese mission to the Moon and private efforts like the Lunar-XPRIZE, face techno-economic and regulatory uncertainty 43 , and it will be many decades before they contribute significantly to global mineral production.
5. Harmonize global best practices for responsible mineral resource development. Mineral deposits are irregularly distributed and their locations are fixed by geology. Thus, the value of these mineral resources must be assessed in the context of other land uses. Technological evolution needs to be reinforced by establishing global practices that balance mining and mineral treatment with biodiversity protection, agriculture and urbanization, and other land and water uses. Good environmental practice, proactive and effective stakeholder engagement, and co-existence of mining and other land uses must form the basis of sustainable mineral exploitation. To achieve this, better coordination between industry and governments will be needed.
6. Develop maps and inventories showing the availability of recyclable metals. These maps would show the locations and status of stocks of in-use metals available for future use and recycling, just as geoscience agencies map the locations of ores. In this way, companies seeking to utilize these resources could assess their potential composition and availability over time. Unlike ores, which take a 'commodity focus'
Box 1
The international resource Panel
The International Resource Panel was established in 2007 as part of the United Nations Environment Programme, in the context of sharp growth in demand for natural resources, population growth, and rising incomes in developing countries, leading to strong international material flows. The panel's mission is to consolidate and evaluate scientific data, with the aim of providing global guidelines for the sustainable management of natural resources. One of its first reports 46 summarized the central message of the panel: the need to produce products and services with less environmental impact and degradation. Titles of key reports thus far, issued to inform better resource governance in the sector, are as follows:
Metal Stocks in Society: Scientific Synthesis

47
. This report concludes that metal stocks in society are increasing continuously. These 'mines above ground' could contribute to the decoupling of resource use from economic growth if the resources are effectively recycled.
Recycling Rates of Metals: A Status Report
48
. This report provides an overview of current knowledge of recycling rates for 60 metals, including an estimate of how efficiently metals are retained for a second or third use within modern technological systems.
Metals Recycling: Opportunities, Limits, Infrastructure
49
. The report shows that sustainable metal management requires more than improving recycling rates. The whole 'mindset' on recycling of metals must be changed, moving from a material-centred approach to a productcentred approach.
Environmental Risks and Challenges of Anthropogenic Metal Flows and Cycles
50
. This report explores the ecological impacts of the exploration, development, extraction and processing of metals, but does not consider social issues or environmental aspects.
Estimating Long-Run Geological Stocks of Metal
51
. This working paper results from a workshop on evaluation of mineral reserves, and concludes that reserve base estimates are lacking for many metals of interest, and it is not possible at present to accurately estimate the extractable global resource for any metal.
Global Material Flow and Resource Productivity
52
. This report considers linkages between the world economy, population and material use over four decades (1970-2010) based on "a new and authoritative database of global material extraction and a revised database for materials trade".
based on a single metal (for example, copper) or several co-products (for example, zinc, lead, silver), recycling demands a 'product focus' that defines the recycling potential of multiple metals contained in the product. Given the huge variation in recyclability of metals, which depend on the product in which the metal is used as well as the future demand for the metal, establishing internationally recognized standards for recyclability would be an important development.
We recognize that in many cases commodity pricing signals run contrary to ecological goals. Regulatory mechanisms would be needed for companies to focus on longer-term resource conservation planning. Furthermore, to meet these challenges, we advocate an early warning system, based on rigorous analysis of data, comprising a series of eight alarms, perhaps through the international mechanisms noted above, as follows. Geological alarms-do we have sufficient reserves? Time lag alarms-we know the reserves are out there, but can they be developed in time? Governance alarms-we know where they are, but can they be sustainably mined? Technological alarms-novel and unanticipated uses for previously unwanted metals (for example, tellurium, germanium, indium). Environmental alarms-are the risks to local ecosystems and populations too high? Social alarms-will, or should, local populations resist mining? Geopolitical alarms-will land ownership or other uses (agriculture, parks, reserves, other industry) preclude mining? Business risk alarms-will changes in tax and investment rules or political instability make mining uneconomic?
Planetary policy for minerals
International environmental policy is currently missing the resource dimension for meeting both ecological and development targets 44, 45 . There is a plethora of international organizations to promote ecologically efficient development such as the Global Green Growth Institute and the International Renewable Energy Agency. Yet the mineral resource requirement needed to carry out their agendas must be evaluated through a coherent planning process, based on the parameters we have discussed in this Perspective. Minerals are a fundamental planetary resource, and should be a base tenet of environmental policy development. Global coordination is needed to ensure that minerals are produced in the most ecologically and economically efficient way. Further research, and institutional collaboration between the private and public sectors, is needed to develop innovative methods to locate and extract future mineral resources. Mining and recycling will need clear metrics of ecological and economic performance. This coordination could be provided by nascent organizations such as the International Resource Panel, Future Earth and the Intergovernmental Forum on Mining, Minerals, Metals and Sustainable Development in partnership with epistemic communities of environmental organizations, such as the International Union for Conservation of Nature. Ultimately, international legal mechanisms may be needed to anticipate and respond to future mineral availability constraints. 
